Objective-To investigate the efficacy and safety of targeted delivery of autologous bone marrow mononuclear cells (BMMCs), which are highly enriched with mesenchymal stem cells (BMMSCs), via medial circumflex femoral artery in the treatment of osteonecrosis of the femoral head (ONFH).
Introduction
Osteonecrosis of the femoral head (ONFH) is a devastating disease in orthopedic clinics [1] , and is characterized by the death of bone caused by an interruption of the blood supply [2] . The disease mainly influences young patients [3] . Without timely effective treatment, ONFH frequently progresses to femoral head collapse and osteoarthritis, which often results in unbearable pain and immobility [4] . The total hip arthroplasty (THA) is the only treatment option for relieving pain and restoring hip joint function [5] . Due to the young age of many of these patients, THA cannot be expected to last a lifetime, therefore the less invasive treatment modalities should be used to protect the femoral head before collapse [6] . Thus, early intervention is the key for the success of joint preserving procedures [7] .
Currently, the early therapy recommendations of ONFH remain controversial, and the exact indications have not yet been established [4] . Increased cell death and altered intra-medullar vascularity have been demonstrated to be the common features of ONFH [8] . The induction of blood vessel regeneration and the construction of a collateral circulation are the most effective ways to break the vicious pathological cycle of vascular disease or necrosis [9] . Bone marrow mesenchymal stem cells (BMMSCs) are multipotent cells that can secrete many growth factors and angiogenic factors [9] . BMMCs are highly enriched with BMMSCs in terms of fibroblast colony-forming units [10] . Nowadays, many researchers try to transplant BMMCs into the femoral head through a decompression tunnel after core depression (CD), and obtain more satisfactory results than CD treatment alone [9] [10] [11] [12] [13] . But CD may cause new trauma and increase therapeutic cost. Intravascular infusion of mesenchymal stem cells (MSCs) has been applied to treat with a variety of diseases [14] [15] [16] [17] [18] [19] [20] [21] [22] . It has the advantages of minimal invasiveness, convenient operation and less complications [14] [15] [16] [17] . Therefore, it might be beneficial to treat early-stage ONFH with the intravascular infusion of MSCs.
Bone marrow is considered as a system with two components: the hematologic part and the stromal system containing the MSCs [13] . Recently, targeted intraarterial delivery has been used as a strategy of intravascular implantation of stem cells [22] . The medial circumflex femoral artery is the main vessel which nourishes the femoral head. In the present studies, we prepared concentrated autologous bone marrow mononuclear cells (BMMCs) from bone marrow harvested from the anterior iliac crest. Subsequently, the collected autologous BMMCs were injected into the femoral head via medial circumflex femoral artery. All patients in this study were treated with targeted intraarterial delivery of concentrated autologous BMMCs. We have analyzed the outcome in 62 patients (78 hips) and compared our findings with previously reported data. In this study, we wish to address the following questions. 1) Do medial circumflex femoral artery perfusion of autologous BMMCs delay the progression of ONFH? 2) Is medial circumflex femoral artery perfusion of autologous BMMCs safe?
Materials and methods

Patient population
The study population consisted of a patient group treated with medial circumflex femoral artery perfusion of BMMCs in our hospital. The study was approved by the Ethics Committee at The First Affiliated Hospital of Zhejiang Chinese Medical University. The diagnosis of ONFH was based on imaging examination (radiograph, CT or MRI). All of these patients had documented ONFH and complained of hip pain due to ONFH. A total of 62 patients (78 hips) with 35 men and 27 women were included in this study. The mean age of these patients at the time of treatment was 36.3 years (22 to 54 years). The baseline characteristics of osteonecrosis are described in Table 1 . Etiologic factors were trauma in 12 patients (12 hips), alcohol abuse in 22 patients (27 hips), excessive use of corticosteroid in 21 patients (30 hips) and idiopathic in 7 patients (9 hips). The Ficat stage has been used to classify radiological results [23] . Radiographs of all patients were classified into stage I (16 hips), stage II (52 hips) and stage III (10 hips) according to the Ficat stage system at onset of treatment.
Bone marrow aspiration and BMMC isolation
The collection of autologous BMMCs was performed as previously reported [10] . In brief, the bone marrow blood was harvested from bilateral anterior iliac crests using stab incisions under local anesthesia. Four or five perforations were made in the iliac crest by using a beveled metal trocar of 8 cm length and a bore of 1.5 mm. The distance between perforations was approximately 2 cm. The bone marrow blood was then aspirated using a 10 ml syringe that had been flushed with heparin (Fig. 1) . The aspirated bone marrow blood was pooled in a plastic bag containing an anticoagulant solution (citric acid, sodium citrate, and dextrose). The original bulk of collected bone marrow blood was 100 ml to 200 ml according to the area of application. The bone marrow components can be stratified in accordance with the density. BMMCs were isolated by density gradient centrifugation with Percoll. After centrifugation, some of the red blood cells (the non-nucleated cells) and the plasma were isolated and removed. Finally, 30-60 ml of concentrated BMMCs were yielded and placed in syringes for injection.
Calculation of BMMC concentration
2-3 ml bone marrow sample of each patient was retained for BMMCs count before and after the centrifugation, respectively. The BMMC number was calculated and recorded.
Autologous BMMC grafting into femoral head
The BMMCs were injected into the femoral head after femoral artery puncture. Femoral artery puncture was done with the Seldinger technique. This procedure is briefly described as follow: Femoral artery puncture was conducted under local anesthesia. The pierced site was a point of 1-3 cm distance below the mid-point of inguinal ligament. Under sterile conditions, a 2 or 3 mm skin incision was made at the level of the femoral artery puncture point, and just opened the dermis. The trocar for puncture was then pushed with a 45° angle to skin by hand into the femoral artery, so that the tip was located between anterior and posterior wall of the femoral artery ( Fig. 2A) . When the end of the trocar sprayed blood, the needle body was pressed downward to reduce the angle between the trocar and skin. Then, a guide wire was inserted into the femoral artery and reached the heterolateral femoral artery (Fig. 2B) . After that, a 5.0 Cobra catheter was introduced into the heterolateral femoral artery under the guidance of the guide wire (Fig. 2C) , and Omnipaque was injected into the artery with an infusion speed of 5 ml/s for angiography to find out the medial circumflex femoral artery (Figs. 2D, E) . Finally, the prepared autologous BMMCs were perfused into the femoral head through the medial circumflex femoral artery (Figs. 2F, G, H) . The position of the Cobra catheter was monitored with fluoroscopy ( Fig. 2H ).
Post-treatment care
After treatment, all patients stayed in bed in coordination with skin traction for 3 days. Functional training of hip started the first day after treatment. Partial weight bearing commenced at day 4 after treatment. Full weight bearing was allowed at the beginning of 3 months after treament. Heavy physical labor was avoided for one year after treatment.
Follow-up
Patients were followed up at the onset of treatment and at 6, 12, 24, 36, 48 and 60 months after treatment, respectively.
Clinical assessment
Clinical outcomes of all patients were assessed by two experienced orthopedic surgeons. Harris hip scoring (HHS) system, which gauges patients' pain (44 points), joint function (47 points), deformity of hip joint (4 points) and motion of joint (5 points), was used for the clinical follow-up. At onset of treatment and at each follow-up visit, the Harris hip scores of patients were recorded as 0 to 100 points. Outcomes were graded as excellent when the Harris hip score was greater than 90 points, good when it was between 80 and 89 points, fair when it was between 70 and 79 points, and poor when it was less than 70 points, according to previous reports [24, 25] . Conversion to THA was designed as the end point to evaluate the efficacy of the treatment in the current study. It was considered to be a clinical failure when deterioration on the Harris hip score was severe enough to require THA. The hips which did not require THA were regarded as survived hips. Each hip of patients suffering from bilateral hip involvement was examined respectively. Complications of the treatment were registered at each follow-up visit.
Radiological assessment
Anteroposterior radiographs or CT scans of the affected hips were taken at each visit. Due to the high cost, MRI was only done in the case of patient with stage I ONFH. All imaging examinations were analyzed by two experienced radiologist. Radiological progression was decided according to the development of the Ficat stage. Radiological collapse was defined as progression of Ficat stage I or II to Ficat stage III according to a previous report [26] . Finally, our findings were compared with the previously reported data regarding the natural history of ONFH and the efficacy of CD plus autologous BMMSC transplantation.
Statistical analysis
The Fisher's exact test was performed to determine the significant difference in clinical failure rate or radiological progression rate between the groups divided according to the Ficat stages at onset of treatment. The clinical survival was compared between the groups with Kaplan-Meier survival analysis. The log rank test was used as a test of significance. The significance of difference in the changes of HHS between the baseline and each followup visit was assessed using Student's t-test. Differences were considered significant when p < 0.05 was obtained. All data was analyzed by SPSS statistical software (version 15.0; SPS, Chicago, USA).
Results
Concentration of BMMCs
The average original volume of bone marrow harvested from each patient was 127.42 ± 44.97 ml, and was concentrated into 44.59 ± 15.74 ml after density gradient centrifugation with Percoll. The concentration of BMMCs in collected bone marrow increased from 14.65 ± 4.68 × 10 6 /ml to 41.86 ± 6.75 × 10 6 /ml after isolation. A final volume of 30 ml concentrated BMMC suspension was intra-arterially injected into the femoral head of each hip. Hence, We have administered average of 1.26 ± 0.5 × 10 9 BMMCs to each hip with ONFH which contain about 61.4 ± 20.4 × 10 7 /cells of fibroblast colony-forming units.
Clinical outcomes
In this study, we were able to do follow-up studies on all recruited patients. The mean duration of the follow-up was 4.8 years (1 to 5 years) ( Table 2) . No complications were observed during or after the treatment. Our data showed that 1 of 16 (6.25%) hips in the Ficat stage-I required THA at 5 years, 2 of 52 (3.84%) hips in the Ficat stage-II underwent THA at 2 and 4 years, respectively, and 3 of 10 (30%) hips in the Ficat stage-III received THA at 1, 2 and 4 years, respectively (Table 2 and 3). At the end of 5 years of follow-up, 6 hips (7.69%) had progressed to clinical failure while 72 hips (92.31%) survived (Table 3) . The mean time of conversion to THA were 3 years (1 to 5 years) (5 years for stage-I, 3 years (2 to 4 years) for stage-II, 2.3 years (1 to 4 years) for stage-III) ( Table 2) . Medial circumflex femoral artery perfusion of BMMCs could improve joint symptoms of the failing hips with respect to the Harris hip score compared to that at baseline. The HHS was examined for all hips at the last follow-up visit. The scores of hips that received THA were obtained at the time just before THA. The mean HHS increased from 59 points at baseline to 75 points at 12 months, 82 points at 24 months, 81 points at 36 months, 79 points at 48 months and 74 points at 60 months (Fig. 5) . The mean HHS of each follow-up visit was statistically higher than that of baseline (p < 0.01). However, the HHS began to decline at 36 months (Fig. 5) . This may indicate a rebound of joint symptoms, and we may need to treat hips with targeted intraarterial delivery of concentrated autologous BMMCs again.
Radiological outcomes
At the final follow-up examination, radiological progression was noted in 34 of 78 hips (43.59%). The rates of radiological progression were 37.5% (6 of 16 hips), 46.2% (24 of 52 hips) and 40% (4 of 10 hips) for Ficat stage-I, II and III, respectively ( Table 4 ). The overall rate of progression in hips without collapse (Ficat stage-I and II) was 44.12% (30 of 68 hips). It was worse than that in hips with collapse (Ficat stage-III), but there was no significant statistical difference (Fig. 6) . The reason for this phenomenon may be the limited Ficat stage-III cases were involved. The opposite result might have been seen if a larger numbers of hips in Ficat stage-III had been included in the study.
Our procedure can delay the progression to collapse (Fig. 7) . At 5 years, 2 of 16 stage-I hips (12.5%) and 24 of 52 stage-II hips (46.15%) progressed to the subchondral fracture stage of osteonecrosis (Table 5 ). The overall rate of collapse was 38.24% (26 of 68 hips) in stage-I and stage-II hips combination (Table 5 ). The overall mean time of progression to collapse was 3.5 years (1-5 years) for stage-I and stage-II hips taken together and 4.5 years (4-5 years) for stage-I hips and 3.4 years (1-5 years) for stage-II hips (Table 5 ). The changes of the collapse rate for each Ficat stage and of the overall collapse rate over the entire followup period can be seen in Fig. 8 .
Discussion
ONFH often leads to impaired hip joint function and is a major cause of disability in young patients [13] . Nevertheless, the exact pathogenesis of ONFH has not been clearly addressed yet, and the better treatment for ONFH remains to be developed [4] . To date, core decompression (CD) is one of the methods widely utilized to treat ONFH [10] . This procedure has been demonstrated to induce reconstruction repair, but usually this repair is incomplete [8] . Decrease of osteogenic progenitors is one of the common features of ONFH [8] . Reduction in the number and function of circulation endothelial progenitor cells has also been observed in patients with ONFH [27] . This phenomenon led to a lack of osteogenesis and revascularization may contribute to the insufficient reconstruction repair after CD. For this reason, local application of stem cells may be one of the solutions [28] . BMMCs are highly enriched with BMMSCs in terms of fibroblast colony-forming units [10] . Nowadays, many researchers try to transplant BMMCs into the femoral head through the decompression tunnel after CD, and obtained more satisfactory results than CD treatment alone [9] [10] [11] [12] [13] . However, the strategy has disadvantages of difficult manipulation, creating new trauma and increasing the therapeutic cost [29] . Both intraarterial [22] and intravenous [14] [15] [16] [17] [18] [19] [20] [21] deliveries of stem cells have been used in stem cell implantation. The targeted intraarterial delivery of autologous BMMCs could be a minimally invasive strategy for the treatment of ONFH. The medial circumflex femoral artery is the main vessel which nourishes the femoral head. Therefore, the present study assessed the efficacy and safety of autologous BMMC perfusion via medial circumflex femoral artery in the treatment of ONFH.
We compared our findings with previously reported data with respect to the natural history of ONFH. It has been reported that the overall clinical progression rate for ONFH was 77% to 98%, and the radiological progression rate was 68% to 75% at a 3-year follow-up study [26, 30, 31] . The radiological follow-up of the 559 hips demonstrated a radiological progression rate of 74% [26] . In contrast, our study showed that 92.31% of hips achieved a satisfactory clinical result, while 43.59% of hips progressed radiologically at the end of 5-year study. Previous reports indicate that the rate of collapse of the femoral head were 75% and 80% at two and four years, respectively [26] . However, our study showed a collapse rate of 39.71% (12.5% for stage I and 48.08% for stage II) at the end of 5-year study. This study was designed to assess THA as an endpoint. 64% of the untreated hips requires THA at the end of 2-years [32] , compared with our result of 7.69% at the end of 5-years. Mont and Hungerford [33] found that the rates of hips underwent THA were 65%, 69% and 87% for Ficat stage-I, -II and -III disease respectively. In the present study, THA was performed only in 6.25%, 3.84% and 30% of hips for Ficat stage-I, -II and -III disease respectively. The above information suggests that the current treatment approach could favorably alter the natural progression of ONFH.
It was suggested in a review of 21 studies involving 819 hips received non-operative treatment, and that only 22% had a satisfactory clinical result which meant that there was no need of surgical intervention at a mean follow-up of 34 months [33] . Bisphosphonates are now regarded as one of the standard choices in the non-operative treatment of early-stage ONFH [26] . Agarwala et al. [26] applied alendronate in the treatment of Ficat stage-I, -II and -III ONFH. At a mean follow-up of four years, 92.2% achieved a satisfactory result and did not require any surgery. The radiological progression rate was 45%. In the present study, a satisfactory clinical result was found in 92.31% of hips and 43.59% of hips progressed radiologically at a mean follow-up of 4.8 years. These results suggest that our procedure achieved better clinical efficacy as compared to alendronate treatment and other nonoperative treatment. Gangji et al. [34] treated early stage ONFH (pre-collapse) with CD plus autologous BMMC implantation and found that only 10% of hips required THA at five years. Wang et al. [13] assessed the effect of the same procedure in ONFH treatment. At a mean follow-up of 27.6 months (range 12-40 months), 6 of 50 (12%) hips with early-stage ONFH (pre-collapse) required THA. According to their protocols, surgical procedures were performed to establish the decompression tunnel. Subsequently, the BMMCs were implanted into the femoral head through the tunnel. This strategy may create new trauma and increase the therapeutic cost. In the present study, THA was performed only in 7.69% of hips with early-stage ONFH (pre-collapse) at a mean follow-up of 4.8 years. Our procedure achieved better success for early stage ONFH (pre-collapse) as compared to CD plus autologous BMMC implantation. However, our procedure has the advantages of being minimally invasive and requiring simple manipulation. Taken together, our novel findings suggest that medial circumflex femoral artery perfusion of autologous BMMCs can effectively postpone surgical intervention, including THA in early-stage of ONFH.
Our novel approach can also improve the Harris hip score in all stages of ONFH (including post-collapse). The mean Harris hip score, which was evaluated at each follow-up visit after the treatment, was higher than that at the onset of treatment (Fig. 5) , suggesting that this therapeutic method plays a role in alleviating pain and ameliorating the function, activity and motion of the hip. We also observed an interesting phenomenon that the mean Harris hip score began to decline from three years after treatment (Fig. 5) . This finding indicates that there is a deterioration of hips from three years, and the cell-based therapy may be required every three years.
All kinds of treatment options suggest that the best treatment time period is at the subclinical stage of the disease. In this project, we also noticed that the therapeutic effects of our device for stage I and stage II patients (pre-collapse) were superior to that for stage-III patients (post-collapse). In this clinical study, 4.41% of stage-I, -II hips (pre-collapse) received THA compared with 30% of stage-III hips (post-collapse). THA mostly occurred at approximately 5 years and 3 years for staged-I and -II disease respectively compared with 2.3 years for staged-III disease. We also performed the survival analysis, and the result indicates that the survival chances of post-collapse hips (stage-III) were markedly reduced when compared to that of pre-collapse hips (stage-I, -II). These results are consistent with data from literature. Therefore, we also conclude that the effect of stem cell transplantation is limited for late stage ONFH (post-collapse), and the early intervention prior to the collapse (stage-I, -II) is extremely important for joint-preservation.
In spite of its favorable outcome, there have been concerns on the feasibility and safety of arterial perfusion of BMMSCs. Several lines of evidence support the conclusion that BMMSC transplantation is feasible and safe [9] [10] [11] [12] [13] . BMMSCs can regulate the secretion of TNF-α, IFN-α, IL-4, and IL-10 and modulate Treg cells to reduce the incidence of graftversus-host disease [29] . In a phase I clinical trial, no side effects of BMMSC transplantation were found [35] . Li et al. [29] intravenously injected allogeneic BMMSCs into the rabbit model of ONFH and found no local or systematic manifestations of acute and chronic toxic reactions and graft versus host disease during and after BMMSC transplantation. In the present studies, typical complications of BMMC transplantation, such as infections, tumor induction and morbidity at the removal site on the iliac crest were not observed. These findings clearly demonstrate that minimal risks and complications are associated with the BMMC transplantation. In other words, BMMC arterial perfusion is feasible and safe.
The therapeutic efficiency of BMMSC implantation may be closely related to the fate of BMMSCs implanted into femoral head. We did not examine the fate of BMMSCs after transplantation, but there have been reports demonstrating that BMMSCs can migrate into the target tissues and participate in repairing injured tissues via blood circulation after ischemia [36, 37] . Sixty percent of the BMMSCs remained in the femoral head 24 h after implantation as shown by the radionuclide labeling [12] . Li et al. [29] analyzed the distribution of BMMSCs in the rabbit model of ONFH after intravenous transplantation. They found that the amounts of BMMSCs in the necrotic femoral head were higher than that in the normal femoral head, liver and lungs. They then concluded that femoral head ischemia or necrosis is able to attract BMMSCs to migrate into and survive in injured femoral heads. Similarly, Yan et al. [7] demonstrated that BMMSCs could survive and expand in the ischemic environment of the femoral head up to 12 weeks after the transplantation, and the numbers of these cells increased significantly with time. In addition, Yan et al. [7] demonstrated that transplanted BMMSCs can differentiate into osteoblast in the osteonecrotic region of ONFH, and hypoxia can stimulate BMMSCs to secrete angiogenic factors resulting in increased angiogenesis which may contribute to the bone repair process.
The limitation of the present work is that it is not a randomized control trial and the cohort is relatively small. Accordingly, prospective randomized controlled studies with large sample size are necessary to verify the therapeutic effects of autologous BMMC perfusion via medial circumflex femoral artery. However, according to our present results, we are optimistic that this novel approach may lead to a successful outcome in ONFH treatment.
Conclusion
In conclusion, this work demonstrates that targeted intraarterial delivery of autologous BMMCs via medial circumflex femoral artery is a safe, effective and minimally invasive treatment strategy for early-stage ONFH. It is capable of relieving symptoms, improving hip function and delaying progression of the disease. The clinical outcome is better when it is applied prior to the collapse. This novel approach is likely to be a favorable intervention choice for the treatment of early-stage ONFH, A 10 ml syringe that had been flushed with heparin was used to aspirate bone marrow from anterior iliac. Procedures of BMMC grafting into the femoral head via the medial circumflex femoral artery. (A) A trocar was pushed into the femoral artery by hand; (B) A guide wire was inserted into femoral artery; (C) A 5.0 Cobra catheter was introduced into the heterolateral femoral artery under the guidance of the guide wire; (D, E) Omnipaque was injected into the artery with a infusion speed of 5 ml/s for angiography to find out the medial circumflex femoral artery; (F,G,H) BMMC concentrate was infused into the femoral head through the medial circumflex femoral artery(arrow); (H) The procedures were monitored with fluoroscopy. Survivorship curves for the hips with ONFH grouped according to the Ficat stage at onset of treatment, with the conversion to THA as the end point. Kaplan-Meier survivorship analysis showed a significant difference between the two groups in the distributions of the time to THA (Log-rank test, p = 0.002). Changes of Harris hip score over follow-up for five years. The mean Harris hip score increased from 59 points at baseline to 75 points at 12 months, 82 points at 24 months, 81ponits at 36 months, 79 points at 48 months and 74 points at 60 months. The rates of radiological progression of hips with ONFH grouped according to Ficat stage at onset of treatment. "Stage-I, II" represents the radiological progression rate of stage-I and II hips (precollapse) taken together, and "Stage-III" represents the radiological progression rate of stage-III hips (postcollapse). The Fisher's exact test showed no significant difference between the two groups (p = 1.00). CT scans at 12 months after treatment show healing in necrotic region of femoral head, and the femoral head remains intact and round. (A) was obtained before the treatment, (B) was obtained at 12 months after the treatment. The percentage of collapsed hips over follow-up for five years in Ficat stage-I, and II hips. Table 1 Baseline characteristics of osteonecrosis and indications for femoral artery perfusion of BMMCs. Table 2 Duration of follow-up, number of clinical failure hips at follow-up and time of conversion to THA for each Ficat stage. Table 3 Number of hips with THA or survived at the last follow-up for each Ficat stage. Total (n = 78) 72 (92.31%) 6 (7.69%) Table 5 Number of hips progressed to collapse at follow-up, rate of collapse and time to collapse for each Ficat stage. 
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